A recombinant H-2 haplotype, designated awl8, was produced that underwent meiotic recombination in the Ea (I-E a chain)-Slp (sex-limited protein) interval of the H-2 class III region between B1O.A (H-2a) and wild-derived B1O.MOL-SGR (H-2wm7) strains. It appeared that the H-2awl8 haplotype has a single, recessive, lethal mutation, since homozygotes for H-2aw18 were not detected in progeny generated from the intercross of mice that were heterozygous for this H-2 haplotype. Nine newly established recombinant H-2 haplotypes, which arose from the heterozygous mice that resulted from a cross between common inbred H-2 haplotypes and the awl8 haplotype, allowed us to map the lethal gene to the class III region of the H-2 complex. Southern blot analysis indicated that the awl8 haplotype has a deletion of the C4 gene and a deletion of one of the steroid 21-hydroxylase genes. This result was confirmed by an immunodiffusion test that demonstrated the absence of production of the C4 protein in mice of haplotype H-2aw18. All data that were obtained supported the hypothesis that the meiotic, presumably unequal, recombination between homologous chromosomes of the H-2a and H-2wm7 haplotypes caused the deletion of the C4 and the 21-hydroxylase genes.
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The class III region of the mouse major histocompatibility complex (MHC), H-2, contains genes that encode components of the early portion of the complement activation pathways, such as C2, factor B (Bf), and C4 (1, 2) . The Slp (sex-limited protein) gene, located in the same region, shares marked structural homology with the C4 gene, but Slp has no hemolytic activity. The biological function of Slp is still unknown. In addition to the components of the complement pathway, two structurally homologous steroid 21-hydroxylase (21-OHase) genes, 21-OHase.A and 21-OHase.B, have been mapped adjacent to the 3' ends of the Slp and the C4 genes (3) . This enzyme plays a key role in the biosynthesis of adrenal steroids. A similar close linkage of the genes for C4 and 21-OHase and a duplication of a set of these two genes has been also observed in the human class III region (4) . Thus, the tandem duplication of sequences spanning, at least and approximately, 55 kilobases (kb) of the DNA segment including the C4, Slp, and 21-OHase genes is a peculiar genetic configuration that is common to both the murine and the human class III region, although it is unclear whether duplication arose prior to the evolutionary differentiation of the two species or whether it arose independently after speciation (5) .
There are several lines of evidence that further duplication and deletion of genes in this DNA segment take place in the class III region, in both the human and the mouse. For example, Carroll et al. (6) observed human chromosomes with one, two, and three C4 loci. Furthermore, it has been reported (7, 8) that gene deletion occurs fairly frequently in human 21-OHase genes, which, in some cases, causes a congenital adrenal hyperplasia as a result of 21-OHase deficiency. Likewise, variations in the number of C4 and Slp genes have been demonstrated in the mice that carry the haplotypes H-2w7, H-2wl6, and H-2w`9 (9) . These findings suggest that the class III region is not genetically stable, but rather that it is still undergoing gene expansion and contraction.
Both duplication and deletion of the class III genes have been explained by a mechanism of unequal crossing-over. However, no direct evidence of a recombination event has been found upon comparison of variant and normal MHC haplotypes (10) . There appear to be two possible mechanisms for duplication and deletion of genes in a eukaryote genome: (i) unequal recombination between homologous chromosomes, which occurs only during meiotic cell division of germ lines and which is specific to the reproductive process of eukaryotes, and (ii) unequal sister-chromatid exchange, which can occur during both meiotic and mitotic cell division, irrespective of the eukaryote or prokaryote. It is usually impossible to distinguish between these two mechanisms after genetic rearrangement has become established in the murine or human genome. However, it seems crucial to elucidate which of the two possible mechanisms has contributed predominantly to the duplication and deletion of genes, in order to understand the exact nature of increase and decrease in the number of a given gene, not only in the class III region of the MHC, but also in other chromosomal regions of eukaryotic genomes. Here we present evidence that meiotic (probably unequal) recombination between homologous chromosomes caused a deletion of the C4 gene and of one of the 21-OHase genes in the mouse class III region, which is associated with a recessive lethality at an early postnatal stage of mice. (12), directed against the H-2K-and H-2D-specific antigens of H-2wm7 were used.
MATERIALS AND METHODS
Southern Blot Analysis. High molecular weight DNAs, prepared from fresh liver, were digested with restriction enzyme, sized by electrophoresis in 0.7% agarose gels, and blotted onto nitrocellulose filters by standard methods (13) . The blotted DNAs were hybridized to 32P-labeled probes, washed in 0.1x SSC/0.5% NaDodSO4 at 65TC, in the case of the C4 and Bf gene probes, or 1x SSC/0.5% NaDodSO4 at 42TC, in the case of the 21-OHase gene probe, and exposed to x-ray film for 3-5 days. (lx SSC is 0.15 M NaCl/0.015 M sodium citrate, pH 7.0) Immunodiffusion Test. Two antisera, rabbit anti-mouse C4 and C3H/He mouse anti-Slp, and fresh plasma prepared from adult mice were used.
RESULTS
A Lethal Mutation Is Associated with a Meiotic Recombination in the Class III Region. B1O.MOL-SGR (H-2wm7) is a congenic strain carrying the H-2 complex of the Japanese wild mouse with the genetic background of the C57BL/l0Sn strain. This congenic strain shows enhanced meiotic intra-H-2 recombination, with a frequency that is 10-fold higher than the standard value of 0.3% (14) . The haplotype awl8 is one of the recombinants generated from the B10.A/ B1O.MOL-SGR heterozygote. The mating scheme for producing the awJ8 haplotype is shown in Fig. 1 . Based on the genetic constitution of the awJ8 haplotype, the recombination point was mapped to the Ea-Slp interval (Table 1) . To produce the awJ8 homozygote, we made an intercross of heterozygotes of awl8/k and of awl8/b heterozygotes. In total, 240 progenies were subjected to H-2 typing, 5-6 weeks after birth, by the microcytotoxicity test, but none of them was homozygous for the awJ8 haplotype. As shown in Table   1 , the segregation ratio of each genotype was approximately awl8/awJ8:awl8/k(awl8/b):k/k(b/b) = 0:2:1. This result suggests that the awJ8 haplotype carries a single, recessive, lethal gene that is linked to the H-2 complex.
A Lethal Gene Is Mapped to the E.-Slp Interval in the Class III Region. To examine whether the lethal gene maps within the H-2 complex, we generated further recombinants from the heterozygotes awl8/k and awJ8/b. In all, nine independent recombinants were obtained. After recombination points were determined by serological typing and RFLP analysis using the class II probes (Table 1) , the lethality of the mouse homozygous for the new recombinant haplotypes was tested. The lethality was judged by the absence of viable homozygotes in the progeny generated from the intercross between mice that were heterozygous for the new recombinant haplotypes. The results are summarized in Table 1 (18) genes. DNAs extracted from B10.A and B10.MOL-SGR, the parental strains of the awJ8 recombinant, were digested with HindIIl, two fragments, of 4 kb and 23 kb, were found to hybridize with the C4 probe ( Fig. 2A) . These fragments correspond to the C4 gene and the Slp gene, respectively (19) . Likewise, the same DNAs, digested with Bgl II, yielded a nonpolymorphic 8.8-kb fragment and a polymorphic (9.8-kb in B10.A and 10.5-kb in B10.MOL-SGR) fragment when hybridized with the 21-OHase probe (Fig. 2B) . In contrast, DNA from the awJ8 homozygote exhibited only one fragment with both of these probes. The 4-kb C4 gene fragment and the polymor- (Fig. 2C ).
The production of complement component proteins that are encoded in the class III region in the awJ8 haplotype was then measured by an immunodiffusion test for the C4 and Slp proteins, using plasma from the awl8/k heterozygote. The original parental strain, B1O.MOL-SGR, produces a high level of C4 protein but does not produce any detectable Slp protein (the H-2S-region phenotype is judged as Slp-o and C4-h), while the phenotype ofanother parental strain, B10.A, is Slp-a (a high level of Slp production) and C4-h. The haplotype H-2k of the B1O.BR strain, which was the heterozygous partner of the awl8 haplotype, has the phenotype Slp-o and C4-l (a low level of C4 production). Fig. 3 shows that plasma from an awJ8 male formed a single precipitin line against either anti-Slp antiserum or anti-C4 serum and did not form a spur between these two precipitin lines. The plasma from an awl8/k female did not form any precipitin line when tested against either anti-Slp or anti-C4 serum. Thus, it appeared that the awl8 haplotype produces Slp protein but not C4 protein. This finding confirmed the result of the Southern blot analysis that the awl8 haplotype has an intact Slp gene but lacks the C4 gene. The plasma from the same heterozygote showed production of Bf of d and k haplotypes (unpublished data), indicating that the awl8 haplotype has an intact Bf gene that is derived from the B10.A strain.
The expression of 21-OHase genes in the awl8 haplotype could not be examined because the adrenal cortex, where 21-OHase genes are specifically expressed, is too small in the early postnatal stage to permit the assay of enzymatic activity and quantitation of mRNA specific for these genes.
DISCUSSION
The data obtained in this study show that gene deletion occurred in the class III region as a result of meiotic recombination between homologous chromosomes of B10.A and B10.MOL-SGR. We offer here a model that explains the gene deletion associated with meiotic recombination by a single genetic event (Fig. 4) 2822 Genetics: Shiroishi et al. mentioned above, it seems possible that the multigene families in the MHC have been generated by unequal recombination events between homologous chromosomes. Another function of unequal recombination is to intermingle nonallelic genes, leading to homogenization of nucleotide sequences between them. The fact that the C4 gene and one of the 21-OHase genes share an extremely high sequence homology (>95%) with nonallelic forms of the Slp gene and another of the 21-OHase genes might be explained by the frequent interchange of genes between different loci. The gene-conversion event could be one of the mechanisms that allows mutual interaction between genes. In addition, we propose that unequal recombination between homologous chromosomes, as discussed above, accounts for the homogenization of nucleotide sequences observed in the C4/Slp and 21-OHase genes.
In the present study, the mechanism that causes lethality in the awJ8 homozygote could not be defined, but it is most probable that deletion of the 21-OHase gene leads to neonatal death, since deletion of the 21-OHase gene is the direct cause of congenital adrenal hyperplasia in humans, and homozygosity for the deleted chromosome may be fatal, as a result of salt wasting, if it is untreated at the neonatal stage (7, 8) . In the present model, the 21-OHase.A gene is considered to be the gene that has been deleted. In this regard, it is relevant that a recent report (22) 
